INTRODUCTION
Approximately 2-7% of the population in Europe and the U.S. suffer from neuropathic pain, a condition caused by damage and/or inflammation to nerves following traumatic injury, viral infection or chemotherapy (1) . Non-neuronal cells, glia within the spinal cord parenchyma, become activated in response to inflammation or trauma and play a major role in the development and maintenance of neuropathic pain (2) by producing proinflammatory cytokines (3) which act on neurons in pain pathways to sensitize and enhance pain processing (4) . The anti-inflammatory cytokine interleukin-10 (IL-10) has emerged as a novel drug candidate to treat this condition, as IL-10 has been shown to suppress the production and function of many proinflammatory cytokines released by activated glia (5, 6) . While intrathecal administration of IL-10 protein has been shown to provide relief from pain in animal models, effects are short-lived and closely parallel the half-life of IL-10 in the cerebrospinal fluid (CSF) (7) . Evan M. Sloane made a substantial contribution to the in vivo components of this work.
To provide prolonged pain relief, gene therapy vectors encoding for the production of IL-10 have been utilized (viral vectors result in 10-14 days of relief (8) , non-viral vectors result in greater than 60 days of relief (9) ). Histological analysis of tissue collected after IL-10 gene delivery demonstrates that this therapeutic approach reduces glial activation (10) . In order for non-viral vectors to provide long-term relief in these treatments, however, two high-dose intrathecal administrations are required, and the duration of time in between injections is critical to the success of the therapeutic. Successful long-term pain relief is ultimately achieved when the first administered dosage of plasmid DNA (pDNA) is 100 µg, the second dosage is 25 µg and the two doses are given no sooner than 5 hr and no later than 3 d apart (11, 12) .
The cellular milieu present following nerve injury and a subsequent injection of pDNA is thought to play a key role in the success of the therapeutic. Within 6 hr to 5 d following nerve injury, macrophages infiltrate into the CSF and the surrounding meningeal tissue (13) . Similar to this, an additional wave of macrophages is recruited to the CSF within 6 hr after an injection of unencapsulated pDNA (11) . The majority of cells recruited are ED1 positive (blood-derived macrophages or monocytes (14) ) and/or ED2 positive (mature tissue or resident macrophages (15) ). Importantly, both of these macrophage populations are highly phagocytic (16) . Thus, the first dose of pDNA creates a cellular environment enriched in cells which can phagocytose pDNA provided in the second injection and subsequently express the gene of interest. A fraction of transfected macrophages likely undergo natural apoptosis or natural clearance to the lymph nodes, consequently removing the delivered gene and source of therapeutic protein from the targeted delivery site over a relatively short time-scale (17) . However, a significant population of the recruited macrophages may differentiate into ED2 positive resident macrophages (18) or microglial cells (19) , which may persist for extended periods of time (20) , potentially providing a longer-term source of IL-10 protein and pain relief. Recent work with pDNA-IL-10 delivery indicates that the number and state of these macrophages present in the CSF at the time of gene delivery is a key factor in the overall success of a pDNA-IL-10-mediated therapy for neuropathic pain (11) . For pDNA-IL-10 delivery to facilitate long-term pain resolution, it has recently been shown that phagocytic immune cells must first be activated and recruited to the CSF for subsequent exposure to the therapeutic pDNA, (21) thereby indicating that enhanced phagocytic cell activation and recruitment will consequently enhance the efficacy of pDNA-mediated therapy for neuropathic pain.
While the therapeutic window of greater than 60 days is highly promising for the treatment of neuropathic pain, the success of non-viral gene therapy requires multiple high-dose (100 µg /25 µg) injections. This poses serious economical and clinical constraints, as larger doses will likely be necessary in humans, and pain patients are unlikely to adhere to a multiday spinal injection schedule. Synthetic biodegradable polymer microparticles, designed to slowly release the gene of interest as they degrade, may offer solutions to the problems associated with intrathecally administering a dose of unencapsulated pDNA. Poly (lactic-co-glycolic-acid) (PLGA) is perhaps the most widely studied synthetic degradable polymer used to prepare microparticles and has been approved by the U.S. FDA for the slow release of peptides and proteins (22) . Encapsulating pDNA within PLGA improves the structural integrity of pDNA and its activity in vivo, likely by protecting it from degradative enzymes (23) . In addition, PLGA has been shown to have adjuvant-like properties, activating cells of the innate immune system. For example, when immature dendritic cells are cultured in the presence of PLGA, expression of MHC-II molecules is increased, as is the expression of co-stimulatory factors (CD80 and CD83) (24) . In addition, cytokine (IL-12, IL-1beta, IL-6, TNF-alpha, IL-8 and IL-10) secretion is upregulated (25) , and T-cell proliferation is enhanced (26) . This adjuvant effect of PLGA is particularly advantageous for vaccine delivery applications, as antigen presentation is enhanced upon PLGA microparticle-mediated delivery, a factor which leads to a stronger specific immune response and a better vaccine. Similarly, PLGA microparticles have been shown to increase cytokine production (27) and the production of reactive oxygen intermediates by macrophages (28) . Macrophages activated by PLGA microparticles are more phagocytic, and gene expression levels are higher when pDNA is present within the PLGA microparticle (29) . Due to the abundance of macrophages in the CSF and in surrounding meningeal tissue during neuropathic pain (11, 30) , activating and enhancing the phagocytic capacity of this cell population presents an opportunity for improved intrathecal gene delivery when an appropriate balance between enhanced phagocytosis and reduced inflammation due to the presence of IL-10 is attained.
In the current work, the possibility that the adjuvancy of PLGA combined with the continued release of pDNA may lead to the development of a more efficient, single low-dose injection of pDNA-IL-10 for treating neuropathic pain was examined. Studies were designed to compare the potency of a total dose of 8.8 µg of pDNA-IL-10 when intrathecally administered either as an unencapsulated dosage or via PLGA microparticles. In addition to determining the extent to which neuropathic pain was relieved in animal models, experiments were designed to identify differences in the level of macrophage activation by assessing nitric oxide production, IL-10 gene expression and protein production in culture. In vivo, experiments were designed to elucidate differences in the pattern of cellular recruitment to the CSF, which may be a key factor involved in the success of the pDNA-IL-10 therapeutic.
MATERIALS AND METHODS

Amplification and Purification of pDNA
The plasmid construct encoding for rat interleukin-10 (pDNA-IL-10 F129S ) has been previously described in detail (9) , and pDNA-Control was identical except for a polyA sequence in the place of the IL-10 encoding region. Plasmids were amplified and verified as previously described (9) and purified using an endotoxin-free plasmid Giga purification kit (Qiagen) . The endotoxin content of the pDNA-IL-10, as assessed by the photometric Limulus amebocyte lysate (LAL) assay (BioWhittaker Inc.), was 0.0021±0.00034 ng LPS/µg DNA, a level that is generally considered negligible (31) .
Microparticle Preparation and Characterization
Microparticles were prepared using a modified double emulsion/solvent evaporation protocol (32) . Briefly, a 50:50 PLGA copolymer (MW 75,000, Lactel Absorbable Polymers) was dissolved in ethyl acetate (Sigma). Vehicle alone (phosphate-buffered saline (PBS) + 3% (w/v) sucrose (Sigma)) or pDNA in vehicle were emulsified in the PLGA solution followed by a second emulsion in a 5% (w/v) polyvinyl alcohol, 28% calcium chloride, 3% sucrose (Sigma) and 7% (v/v) ethyl acetate solution. After 4 hr of hardening in a wash solution, the resulting microparticles were collected, lyophilized and stored at 4°C. Scanning electron microscopy (SEM) was used to examine microparticle morphology. The diameters of >1000 microparticles present in 10 different images were measured with NIH ImageJ software, and binned particle diameters were used to generate a normalized frequency distribution. The zeta potential of the microparticles was measured with a Nicomp 380 ZLS Zeta Potential Analyzer, and the endotoxin levels of the resultant microparticles were tested by the LAL assay, using serial dilution as a control for inhibition. For immunohistochemical analysis, the aqueous phase used prior to the first emulsification consisted of rhodamine-dextran at a concentration of 10 mg/ml in PBS.
Total pDNA encapsulation was assessed by extracting pDNA from microparticles via sodium hydroxide dissolution (32) , measuring the absorbance at 260 nm and comparing obtained values to DNA standards at known concentrations. Final pDNA loadings were 8.78±0.65 µg pDNA /mg PLGA for PLGA-pDNA-IL-10 microparticles and 8.78±0.07 µg pDNA / mg PLGA for PLGA-pDNA-Control microparticles. Aqueous extraction of pDNA was conducted by dissolving microparticles in chloroform and allowing the pDNA to migrate into aqueous buffer (32) . The extracted pDNA was subsequently concentrated by precipitation with ethanol and re-suspended in PBS+3% sucrose vehicle. The structural integrity of the aqueous extracted pDNA was compared against unencapsulated pDNA (which was similarly exposed to the aqueous extraction process) by loading 2 µg of total pDNA into the wells of a 1.0% agarose gel containing ethidium bromide, running the gel at 75 V for 2 hr, and imaging the gel with UV trans-illumination at 305 nm. Biological activity of aqueous extracted pDNA was assessed by lipofectamine-mediated transfection into human embryonic kindey-293 cells according to manufacturer protocols (Invitrogen), and IL-10 protein concentrations in cell culture supernatants collected 24 hr after transfection with aqueous extracted and unencapsulated pDNA were assessed by ELISA (R&D Systems). In vitro release profiling was conducted by incubating microparticles in PBS over time in a water bath at 37°C, and pDNA contents in the supernatant were quantified by a PicoGreen assay (33) .
NO Production, IL-10 Gene Expression and IL-10 Protein Production by Macrophages Exposed to Unencapsulated or Microparticle-Delivered pDNA-IL-10 in Culture
The stimulatory effects of pDNA and/or PLGA microparticles were assessed using primary peritoneal macrophages isolated by lavage. Activation of the cell population was assessed by the measurement of nitric oxide (NO). IL-10 mRNA detection in cell pellets and IL-10 protein detection in the supernatants were used as indicators of the extent of transfection and gene expression. For NO, IL-10 mRNA and IL-10 protein production assays, cells were allowed to adhere to 96-well tissue culture plates for 2 h at 37°C, and the medium was then replaced with 100 µl of medium containing (1) 5 mg/ml vehicle microparticles (PLGA-Vehicle), (2) 5 mg/ml PLGA-Vehicle suspended in 44 µg/ml pDNA-Control, (3) 5 mg/ml of microparticles encapsulating pDNA-Control (PLGA-pDNA-Control), (4) 44 µg/ml pDNA-IL-10, (5) 5 mg/ml PLGA-Vehicle suspended in 44 µg/ml pDNA-IL-10 and (6) 5 mg/ml PLGA-pDNA-IL-10 microparticles. A separate lipopolysaccharide (LPS, Sigma L7770) condition (100 µl/well at 0.1 µg/ml) was also included as a comparison control. The supernatants from sample wells were then collected separately for analysis of nitrite (a breakdown product of nitric oxide; Griess reagent system; Promega) and IL-10 production (ELISA; R&D Systems). For RT-PCR, the adhered cells were detached from the tissue culture dishes with the application of trypsin for 5 min and transferred to a separate tube where cell culture medium was added to inactivate the trypsin. The samples were then centrifuged (1,000g for 10 min at 4°C), and the pellets were resuspended in ice-cold PBS and stored at −80°C until further analysis (see method for RT-PCR).
Behavioral Testing in CCI Animal Models of Neuropathic Pain Treated with Intrathecally Administered Unencapsulated or Microparticle-Delivered pDNA-IL-10 Viral-free adult male Sprague-Dawley rats (350-450 g; Harlan Labs) were used in all experiments, all procedures were approved by the University of Colorado Institutional Animal Care and Use Committee, and all research adhered to the Principles of Laboratory Animal Care (NIH #85-23). Chronic constriction injury (CCI) was created at mid-thigh level of the left hind leg as previously described (34) . Briefly, under isoflurane anesthesia, the left sciatic nerve was exposed via blunt dissection, and 4 chromic gut sutures were tied loosely around the nerve. Sham-operated rats had the sciatic nerve identically isolated but not ligated. Unless otherwise specified, CCI-operated rats were used in all animal experiments.
Intrathecal injections and CSF collections were conducted as previously described (7 (10), and behavioral measures were performed blind with respect to treatment group.
Tissue Collection, Microparticle Distribution and IHC Protocol
Following transcardial perfusions with 0.9% saline, intact spinal columns were collected and transferred to 4% paraformal-dehyde (Sigma) for 24 hr. Spinal columns were decalcified in a 10% EDTA (Sigma)+0.1% sodium azide (Sigma) solution for 7 d, equilibrated in 30% sucrose +0.1% sodium azide solution for 2 d, and cryo-sectioned at a 30 µm thickness. Microparticle distributions were examined under a 546 nm reflector cube using a Zeiss Pascal LSM microscope with a 40× Plan NeoFluor (1.3) oil immersion objective. Microparticle counts at marked distances were recorded with a hand tally counter (averaged from 6 tissue sections from 5 animals). IHC analysis of spinal cord tissues was conducted according to standard procedures for the antigens CD11b/c (1:200 dilution, BD Pharmingen 554859) and MHCII (1:200 dilution AbD Serotec MCA46R) using a fluorescenceconjugated secondary antibody (Invitrogen A11029), the nuclear stain DAPI, and confocal fluorescence microscopy.
RT-PCR
RNA was isolated from lumbar cord tissue via a standard method of phenol:chloroform extraction (35) . Total RNA was reverse transcribed into cDNA using the Super-Script II First Strand Synthesis System for RT-PCR (Invitrogen) according to manufacturer's instructions and stored at −80°C until RT-PCR was performed. cDNA from peritoneal macrophage and CSF samples was synthesized using a Cells-Direct III cDNA synthesis kit (Invitrogen). The samples were centrifuged (1,000g for 10 min at 4°C), the pellet washed with ice cold PBS and centrifuged again (1,000g for 10 min at room temperature). Cells were re-suspended and processed according to synthesis kit instructions. Primers were designed to measure the housekeeping gene glyceraldehyde-6-phosphate dehydrogenase (GAPDH) and plasmid-derived IL-10, which utilized a unique sequence that forms the 3′ UTR of the plasmid and is not found in the rat genome. PCR amplification of cDNA was performed in duplicate using the Quantitect SYBR Green PCR Kit (Qiagen) according to manufacturer's instructions and monitored using the MyiQ Single-Color RealTime PCR Detection System (Bio-Rad). The threshold cycle (C T ; number of cycles to reach threshold of detection) was determined for each reaction, and mRNA was quantified using the comparative C T (ΔC T ) method (36) . The PCR primer specifications are shown in Table I .
Identification of Cell Types Present in the CSF by Immunocytochemistry Following Intrathecally Administered Unencapsulated or Microparticle-Delivered pDNA-IL-10
After intrathecal injections identical to the conditions used for behavioral testing, 20 µl of the CSF samples were plated onto glass coverslips (Fisher Scientific, 12 mm circular No.1) in the wells of a 24-well plate immediately following collection. Cells within CSF were allowed to adhere to the coverslips for 40 min in an incubator (37°C, 5% CO 2 ). Following incubation, immunohistochemical staining for cell phenotype markers was conducted according to standard procedures for the antigens ED1 (AbD Serotec MCA341R) and ED2 (AbD Serotec MCA342R) at 1:200 dilutions using fluorescence-conjugated secondary antibody (Invitrogen A11029) and the nuclear stain DAPI. Samples were analyzed for cell density and phenotype via NIH ImageJ manual counts of fluorescence microscopy captured images.
Data Analysis
Statistical comparisons utilized two-sample t-tests assuming unequal variances on a 95% confidence interval with two-tailed p-values as the output unless otherwise indicated. Data from the von Frey test were analyzed as the interpolated 50% threshold (absolute threshold) in log base 10 of stimulus intensity (monofilament stiffness in milligrams × 10).
RESULTS
PLGA Microparticle Characterization
The microparticles utilized in this work exhibited a spherical and smooth morphology (Fig. 1a) and a zetapotential of −28.04±2.12 mV. The microparticles exhibited a heterogeneous size distribution (Fig. 1b) with an overall median diameter of 4.67±0.26 µm, which is consistent with similar methods of microparticle manufacturing (32) , and the pDNA encapsulation efficiency for the particles was 55.1%. Agarose gel electrophoresis of aqueous extracted pDNA from microparticles compared to unencapsulated pDNA indicated that a significant amount of the relaxed and supercoiled pDNA structural integrity was preserved after encapsulation, although a slight detection of linearized pDNA and slight alterations in the migration of multimeric pDNA species were observed after encapsulation (Fig. 1c) . By comparing resultant IL-10 protein expression levels in the supernatants of human embryonic kidney-293 cells 24 hr after lipofectamine-mediated transfection with dose-matched microparticle extracted or unencapsulated pDNA (data not shown), it was determined that the microparticle extracted pDNA-IL-10 exhibited a 96.8% biological activity retention for the resultant production of IL-10, thereby indicating the microparticle formation process did not substantially reduce the activity of the encapsulated pDNA. In vitro pDNA release analysis demonstrated that 30% of the pDNA was released after 3 days, and steady release was achieved for greater than 75 days (Fig. 1d) . This two-phase release profile is a common characteristic of macromolecule release from emulsion-based PLGA microparticles, where the enhanced phase of initial pDNA release is due to an increased pDNA content on or near the surface of the microparticles, which is followed by a sustained release and diffusion of pDNA from the microparticle interior (37) . Endotoxin levels from microparticles with and without encapsulated pDNA were below As classically activated macrophage populations are known to exhibit an enhanced production of nitric oxide (NO) upon stimulation (38) , and as the production of NO correlates with a higher level of phagocytic activity (39) , the potential of microparticles to stimulate macrophages in a non-endotoxi-mediated manner was assessed in vitro. Cellular morphology and total cell numbers were not affected by any of the conditions at the 24 and 72 hr time points (data not shown). Unencapsulated pDNA-IL-10 did not significantly increase the production of NO from the macrophages relative to the medium-only control, while all of the PLGA conditions exhibited significantly elevated NO production both at 24 and 72 hr relative to the medium-only control and unencapsulated pDNA-IL-10 conditions (Fig. 2a) . Lipopolysaccharide (LPS) has also been shown to stimulate peritoneal macrophages (40) , and the magnitude of NO response for the PLGA conditions was comparable to that observed from LPS stimulation.
The ability of pDNA encapsulated and/or released from PLGA microparticles to transfect macrophages during the middle (24 hr) and near the end (72 hr) of the initial pDNA release phase was assessed by measuring plasmid-derived IL-10 mRNA expression levels. The levels for plasmid-derived gene expression in the medium-only and PLGA-Vehicle controls represented primer background levels for basal IL-10. The PLGA-Vehicle and PLGA-pDNA-Control conditions did not exhibit significantly elevated (p>0.05) plasmidderived mRNA expression relative to the medium-only control (Fig. 2b) . Unencapsulated pDNA-IL-10 measurably and/or significantly (p<0.05) enhanced plasmid-derived and total IL-10 mRNA expression at the 24 and 72 hr time points relative to the controls. When delivered alongside of PLGA particles, pDNA-IL-10 exhibited a similar magnitude of plasmid-derived IL-10 gene expression as the unencapsulated condition within 72 h of incubation. When pDNA-IL-10 was encapsulated within microparticles, IL-10 gene expression levels were substantially elevated above the controls and the unencapsulated pDNA-IL-10 and the PLGA vehicle + pDNA-IL-10 conditions, suggesting that encapsulation within the particles improved the transfection efficiency.
To further assess the effects of PLGA-mediated macrophage stimulation on protein expression from pDNA-IL-10 exposure, the IL-10 protein content in medium supernatants at the 24 and 72 hr time points was also quantified by ELISA. The PLGA-Vehicle and pDNA-Control conditions were not significantly elevated from the culture medium at any of the time points (Fig. 2c) . Unencapsulated pDNA-IL-10 with or without PLGA-Vehicle co-administrations also did not elevate resultant IL-10 protein levels substantially. PLGApDNA-IL-10 did not lead to measurable IL-10 protein at 24 hr, but exhibited a significantly elevated (p<0.05) level of secreted IL-10 protein within 72 hr relative to the mediumonly control and unencapsulated pDNA-IL-10 conditions. Therefore, even though the effect was delayed with protein expression, both the IL-10 gene expression and IL-10 protein expression data ultimately indicated that the macrophages were more efficiently transfected by pDNA that was physically encapsulated within and released by microparticles. The activation of macrophages by PLGA for an increased phagocytic potential likely facilitated the enhanced IL-10 expression within 72 hr from pDNA-IL-10-containing microparticles relative to unencapsulated pDNA-IL-10.
Microparticle Localization in Tissue Sections
Spinal columns were collected 3 d after the administration of PLGA-pDNA-IL-10 microparticles to determine that the number of microparticles embedded in the meningeal tissue surrounding the spinal cord decreased in the rostral direction from the injection site (no microparticles were observed in brain sections), and increased in the caudal direction from the injection site, which parallels the direction of CSF bulk flow (Fig. 3a) . Microparticles were also observed in collected CSF samples with a high degree of variability (p>0.05 relative to baseline controls). In addition to the 3 d time point, PLGApDNA-IL-10 microparticles were also observed in the meningeal tissue surrounding the spinal cord at 1, 14, 21, 28 and 60 d after administration, where the rostral-to-caudal trend was stable over time. In both meningeal tissue and CSF samples, no measurable difference in the size distribution of microparticles detected in the rostral vs. the caudal direction was observed. Microparticles that were observed in the CSF and in meningeal tissue collections were both internal and external to phagocytic cell membranes. PLGA microparticle penetration into the spinal cord parenchyma was not observed at any of these time points (representative image at 3 d is shown in Fig. 3b  and c) . The use of antibodies for phagocytic cell types indicated that meningeal layer-embedded microparticles were embedded within a matrix of cells staining positively for major histocompatibility complex-II (MHCII), a marker of antigenpresenting cells, including macrophages, and OX-42 (CD11b/c), a classical marker for macrophages and microglia (representative images of OX-42 and MHCII staining at 3 d are shown in Fig. 3b and c) . Although microparticles that did not associate with any cell types were observed on the outer periphery of the spinal cord meningeal tissue sections, when embedded within the meningeal tissue microparticles only closely associated with regions that were positive for MHCII and OX-42 (MHCII and OX-42 positive macrophages were also observed in meningeal tissue regions without microparticles present).
Reversal of Neuropathic Pain by pDNA-IL-10-Releasing PLGA Microparticles
The long-term ability of a single intrathecal administration of PLGA-pDNA-IL-10 to control neuropathic pain was examined. Animals that have received a chronic constriction injury (CCI) exhibit mechanical allodynia, while shamoperated animals do not exhibit mechanical allodynia and represent a baseline control for the reversal of neuropathic pain in this model. PLGA-pDNA-IL-10 fully reversed the effects of CCI-induced mechanical allodynia (i.e. return to the non-allodynic levels of the sham-operated controls) within 3 d of administration and lasted fully for 74 d (repeated measures ANOVA (F(3,19) =656, p<0.001); Fig. 4a ). No measurable therapeutic effects were observed 90 d after administration. A single injection of unencapsulated pDNA-IL-10, PLGAVehicle, and PLGA-pDNA-Control did not exhibit therapeutic effects, and PLGA-Vehicle administration did not alter the mechanical sensitivity to touch of sham-operated animals (Fig. 4a) . To verify that IL-10 plays a role in the mediation of the therapeutic effects from PLGA-pDNA-IL-10 administrations, a neutralizing antibody for IL-10 (anti-IL-10-IgG) was administered during ongoing therapy efficacy. A transient return of mechanical allodynia, due to the transient residence of the antibody, was observed 24 hr after anti-IL-10-IgG administration, but not with control IgG (p<0.05), and a restoration of therapeutic efficacy was observed within 48 hr of anti-IL-10-IgG administration (Fig. 4b) , likely due to the short (1-2 hr) half-life of IgG in the CSF (41) as well as ongoing IL-10 gene expression. The blockade of the behavioral efficacy after the administration of anti-IL-10-IgG validates that the PLGA-pDNA-IL-10 therapeutic effects require functional IL-10. To verify that physical encapsulation of pDNA-IL-10 was necessary, the behavioral efficacy of unencapsulated pDNA-IL-10 co-administered with 1 mg of PLGA-Vehicle for the reversal of CCI-induced mechanical allodynia was also assessed. One mg of PLGA-Vehicle suspended in a solution of unencapsulated pDNA-IL-10 (20 µl total administration) did not exhibit significant therapeutic effects for the reversal of CCI-induced mechanical allodynia (i.e. did not therapeutically reverse the CCIoperated animals to the non-allodynic levels represented by the sham-operated animals, Fig. 4c ), which indicated that physical encapsulation of pDNA within the PLGA microparticles was a necessary requirement for therapeutic efficacy in the microparticle-mediated single administration paradigm.
Gene Expression In Vivo Following Delivery of pDNA-IL-10-Releasing PLGA Microparticles
To further assess the role of IL-10-mediated signaling in early and ongoing therapeutic efficacy from PLGA-pDNA-IL-10, a gene expression study was conducted on tissue samples collected prior to achieving behavioral efficacy (1 d), initially on achieving behavioral efficacy (3 d), at midbehavioral efficacy (28 d) and at post-behavioral efficacy (93d). As unencapsulated pDNA-IL-10 and PLGA-Vehicle did not lead to behavioral efficacy, to minimize the unnecessary use of animals, sample collections for these conditions were not conducted over time. As a control for background, however, samples were collected at the 28 d time point from both Sham-and CCI-operated PLGA-pDNA-Controlinjected animals and at the 93 d time point for Sham-and CCI-operated PLGA-Vehicle-injected animals, both of which coincided with the cessation of behavioral testing for these conditions, again to minimize animal use. As IL-10 mRNA expression levels in these conditions did not exhibit statistical differences from one another (p>0.05), the mRNA levels detected in these tissues were averaged together as an assessment of background expression and are represented by the dotted lines in Fig. 5 .
mRNA expression was assessed in cells collected from the CSF, as recent work with high-dose dual administrations of unencapsulated pDNA-IL-10 has highlighted the importance of CSF cell populations in the mediation of therapeutic effects (11) . mRNA expression was also analyzed from spinal cord tissues collected at the injection site with the meningeal layer intact (lumbar cord), as it has been shown that cells within meningeal tissues surrounding the lumbar spinal cord can take up large amounts of intrathecally administered pDNA as well (9) . Plasmid-derived IL-10 mRNA expression was present at elevated levels in cellular samples from the CSF and lumbar cord tissue at 1, 3 and 28 d after administration (Fig. 5a and b) . The magnitude of IL-10 mRNA expression in CSF cells during mid-efficacy (28 d) was substantially elevated relative to the early (1 d and 3 d) time points (Fig. 5a) . Moreover, the magnitude of IL-10 mRNA expression levels in CSF cells at all of the collected time points was more than two orders of magnitude above the expression levels in the lumbar cord tissue samples (Fig. 5a vs. b). Samples collected from PLGA-pDNA-IL-10-injected animals at the cessation of behavioral efficacy (93 d) in both regions were not statistically different from the background controls (p>0.05), indicating that a loss in behavioral efficacy correlated with a loss of transgene expression.
Recruitment of Phagocytic Immune Cells Following Injection of pDNA-IL-10-Releasing PLGA Microparticles
Experiments were conducted to determine whether phagocytic cellular infiltration to the CSF was also a component of the successful single PLGA-pDNA-IL-10 administration paradigm. Infiltration studies focused on dose-matched single administrations of pDNA-IL-10, PLGA-Vehicle and PLGA-pDNA-IL-10 relative to timematched vehicle injections. To minimize the unnecessary use of animals, cellular recruitment assessments were conducted at the expected peak cell infiltration time point (24 hr) and at a time point that would be likely to result in partial attenuation (72 hr) (11) , to determine whether therapeutically effective PLGA-pDNA-IL-10 administrations promoted increased cellular infiltration to the CSF.
At the 24 hr time point, pDNA-IL-10 administration increased the number of cells in the CSF relative to a timematched vehicle injection by 119%. PLGA-Vehicle and PLGA-pDNA-IL-10 administrations, however, substantially increased the number of cells in the CSF relative to a vehicle injection by 268% and 307%, respectively (Fig. 6a) . The cellular infiltration level for both of the PLGA conditions was also significantly elevated relative to the cellular increases as a result of unencapsulated pDNA (p<0.05), but the cellular increases resulting from PLGA administrations were not significantly different from one another. At the 72 hr time point, the number of cells in the CSF after a pDNA-IL-10 administration had attenuated to a level that was no longer significant relative to a time-matched vehicle administration (16% increase, p>0.05). The number of cells in the CSF as a result of PLGA-Vehicle and PLGA-pDNA-IL-10 administrations had also significantly decreased relative to their levels at the 24 hr time point, but were still at levels that were significantly elevated relative to both time-matched vehicle (35% and 21% above vehicle respectively) and pDNA-IL-10 administrations (p<0.05). In other words, PLGA microparticle administrations significantly enhanced the recruitment of cells to the CSF at both of the time points tested, irrespective of whether or not pDNA was present within the microparticles.
As the total cell numbers were significantly elevated upon microparticle administration, immunohistochemistry was also conducted on the cells of the CSF collected at the 24 and 72 hr time points. For all of the administration conditions and at both of the analyzed time points, a substantial percentage of the recruited cells were ED1-positive and ED2-positive macrophages (Fig. 6b) , which are both capable of phagocytosing pDNA and/or microparticles (16) . At the 24 hr time point, the percentage of ED1-positive cells relative to a vehicle administration was significantly (p< 0.05) greater for unencapsulated pDNA and microparticle administrations with and without pDNA. Within 72 hr, the macrophage phenotypes were not significantly different between the vehicle and pDNA administration conditions; however, the number of ED1-and ED2-positive cells were substantially elevated for both of the microparticle conditions. This sustained presence of phagocytic cells relative to the unencapsulated pDNA profile may be one factor that enhanced the potency of microparticles relative to unencapsulated pDNA. Additionally, there was a greater percentage of ED2-positive macrophages after microparticle administrations between the 24 and 72 hr time points, which, in addition to contributing to pDNA uptake and transfection, may also contribute to the resolution of neuropathic pain by creating an anti-inflammatory wound healing and tissue-regenerative environment (42) .
DISCUSSION
Many efforts in microparticle-mediated gene delivery have efficient microparticle internalization as a primary goal. However, a significant non-internalized fraction of microparticles was thought to play an important role in the observed therapeutic effects. In other words, transfection was likely occurring from pDNA that was released from the microparticles prior to internalization and from internalization of the microparticles themselves. While specialized epithelial cells can internalize microparticles up to a size of 10 µm (43), microparticle diameters of less than 1-3 µm are most efficiently internalized by macrophages and antigenpresenting cells (44) , and, in general, smaller particles (1 µm) are more readily internalized than larger (3 µm) ones (45) . Surface properties are also known to affect phagocytic potential, where positive microparticle surface charges (46) and highly porous and irregular surfaces (47) both increase the likelihood of microparticle phagocytosis. The size distribution of the microparticles used in this work (median diameter of 4.67±0.26 µm), their smooth surfaces (Fig. 1a) and their negative surface charge (−28.04±2.12 mV) are all factors that decrease the likelihood of microparticle internalization by the phagocytic cell types observed in the system, although, due to the heterogeneity in the microparticle size distribution (Fig. 1a and b) , a fraction of the microparticle population was likely internalized by a phagocytic route, in which microparticles subsequently released pDNA-IL-10 for intracellular uptake and expression. Microparticle internalization by other known cell entry routes, including fluid-phase pinocytosis and receptor-mediated endocytosis, did not likely occur in appreciable amounts, as much smaller diameters (20-200 nm) are typically required in these cases (48) .
Due to these considerations, two different mechanisms of action potentially contributed to the microparticle-mediated therapeutic effects. The fraction of the microparticle population suitable in size for efficient phagocytosis by cells in the CSF or the surrounding meningeal tissue was likely internalized, where intracellularly released pDNA would be translocated to the nucleus and ultimately expressed as mRNA. Endosomal and lysosomal entrapment of the internalized microparticles and poor nuclear entry (49) likely decrease the effectiveness of the directly phagocytosed microparticle fraction, as modifications to facilitate lysosomal escape and nuclear targeting were not conducted herein. Microparticles that were not readily internalized were either cleared from the intrathecal compartment (likely by bulk flow to the bloodstream (50) , or in the course of CSF flow embedded within the meningeal tissue matrix (Fig. 3) for a prolonged time period. This meningeal tissue-embedded microparticle population then released pDNA extracellularly where it could diffuse and be taken up by cells in the meningeal tissue or in the CSF by a combination of phagocytosis (51) and receptor-mediated endocytosis (52) . Hence, a significant population of the non-internalized, but meningeal tissue-embedded, microparticles was also hypothesized to have played an important role in long-term therapeutic effects by an extracellular release of pDNA for subsequent phagocytosis.
Phagocytosis occurs only in a limited number of cell types, including macrophages, requires molecular attachment to the cell surface and can be significantly enhanced by factors present in the local extracellular environment (53) . Components of bacterial cell walls, including the wellcharacterized lipopolysaccharide molecule (54) , cytokines including granulocyte colony-stimulating factor and tumor necrosis factor-alpha (55) , and synthetic PLGA microparticles (56) have all been shown to stimulate phagocytosis in macrophages. The most common indicators of macrophage activation and enhanced phagocytic activity include the production and secretion of tumor necrosis factor-alpha (2-8 hr following activation) and nitric oxide production (12-24 h following activation) (38) .
Measurement of one indicator of activation, nitric oxide production in macrophage cultures, indicates that PLGA microparticles (both in the presence and absence of pDNA) significantly enhance nitric oxide production relative to dosematched unencapsulated pDNA, and thereby enhanced the internalization of extracellularly released pDNA. The stimulatory effect of PLGA microparticles may be attributed to the foreign and particulate nature of the material which can initiate a protective response (57), the acidic lactic and glycolic acid degradation byproducts of PLGA (58) , and the creation of a low pH microenvironment in the vicinity of the surface of the degrading microparticles (59) . When pDNA was delivered within or in combination with PLGA microparticles, a further increase in nitric oxide production was observed relative to PLGA that only contained vehicle at 24 h. This is consistent with prior work demonstrating that CpG motifs within pDNA can significantly enhance phagocytic activation when they are presented to cells alongside of other stimulatory substances (52) . pDNA complexation and structural variations (including degradation) can also enhance its immuno-stimulatory effects (60, 61) . While PLGA microparticles exhibit a stimulatory effect on phagocytic cells as observed in these and prior studies, PLGA microparticles have consistently demonstrated negligible toxicity for prolonged time periods in vivo (62) and are not likely to substantially contribute to peripheral nerve injury and/or ongoing inflammation during neuropathic pain, as supported by the in vivo data presented in this manuscript (Fig. 4a) .
In cultured macrophages, both IL-10 gene expression and protein production were highest when pDNA-IL-10 was delivered to cells via PLGA microparticles, even though a fraction (∼30%) of the total dose of pDNA-IL-10 in the microparticle was released in that interval (Fig. 1d) . While gene expression levels were higher at both 24 h and 72 h, a delay in protein expression was observed. Given that pDNA internalization by both phagocytosis and receptor-mediated endocytosis in macrophages occurs within 1-4 hr (53, 63) and pDNA transport to the nucleus and the initiation of protein expression occurs over a 1-8 hr interval (depending on the rate of lysosomal release) (64) , each of these processes may contribute to the observed delay in protein production. It is possible that the dosage of pDNA released over the first 24 hr interval was insufficient for the generation of large amounts of secreted protein. Although it was not specifically explored in this work, prior results also indicate that pDNA released from microparticles over a 1-72 hr interval may not retain a full conformational stability, as it has been shown that slight pDNA degradation occurs over the first 16-24 h of incubation due to the local PLGA environment (65) , but that a significant percentage of released pDNA still retains conformational stability throughout the first 72 hrs of release (66) . Nevertheless, the time-course over which IL-10 protein production was observed in vitro aligned with the time-scale over which behavioral effects were observed in vivo, where PLGA-pDNA-IL-10 administration did not facilitate therapeutic effects within 24 hr, but fully reversed neuropathic pain within 72 hr (Fig. 4a) .
While nitric oxide production was not assessed in vivo, cellular recruitment to the CSF following delivery of unencapsulated pDNA or pDNA within PLGA microparticles was assessed. Similar to our findings with cultured macrophages, PLGA microparticles with or without pDNA stimulated the highest levels of cellular recruitment to the CSF. The unencapsulated dose of pDNA stimulated cellular recruitment to the CSF to a lesser extent than the PLGA conditions, but this effect was not sustained over the course of 72 h, likely due to rapid clearance of the pDNA from the CSF (t 1/2 for pDNA in rat peripheral tissue is 10-20 min (67). Consistent with cell infiltration studies, a dose of unencapsulated pDNA did not facilitate therapeutic effects in vivo (Fig. 4a) . Even when coadministered with PLGA microparticles to enhance the stimulatory effects of the pDNA (Fig. 4c) , therapeutic effects from unencapsulated pDNA were not realized, likely due to pDNA degradation and removal from the local environment prior to significant interaction with the infiltrating phagocytic cell population. Prior work conducted by our group has also shown that polyethylenimine, a vector which is known to be effective for transfection but does not provide sustained release, cannot promote long-term therapeutic efficacy for pDNA-IL-10 in a single injection paradigm (33) . All findings to date therefore indicate that single injection therapeutic efficacy with pDNA-IL-10 for neuropathic pain is only observed when pDNA-IL-10 is encapsulated by and released from PLGA microparticles over time. Future studies with this system and more advanced polymeric delivery systems for pDNA will be needed to address the relative contribution of pDNA that is released at later (30, 45, 60) time points, as prior work indicates that the physical integrity of encapsulated pDNA deteriorates with extended release times in vitro (32) .
Both in prior work with dual administrations of high doses of unencapsulated pDNA (9) and in the current work, therapeutic effects have been observed for an eight-to-ten week period. The administration of an antibody blocking the effects of IL-10 ( Fig. 4b) negated the therapeutic effects in a transient manner, thereby indicating that ongoing IL-10 protein expression (as a result of the elevated IL-10 mRNA expression observed in Fig. 5 ) was responsible for therapeutic efficacy. As plasmid-derived IL-10 was detected in both the CSF collected cells and in the spinal cord tissue, the results of this work indicate that the transfected cell population included potentially resident and potentially non-resident cells. While a fraction of transfected cell population may leave the CSF, carrying the gene along with them, some transfected cells are likely to reside within the meningeal tissue to serve as a long-term source of IL-10 protein. The detection of IL-10 mRNA expression in the lumbar spinal cord tissue with its surrounding meninges (Fig. 5b) provides evidence that tissue-resident cell populations contribute to the therapy. Macrophages may also enter from the CSF and embed within the nearby meningeal tissue to differentiate into resident microglia (19, 20) and consequently prolong the therapeutic effect. It is clear that macrophages were recruited as a consequence of PLGA microparticle administrations ( Fig. 6a and b) , but IL-10 production as a result of cellular transfection may also play a role in macrophage recruitment and differentiation (68, 69) .
The results of this and prior work (11, 21) indicate that macrophages play an essential role in non-viral pDNA-IL-10 therapy for the resolution of neuropathic pain, but future work in the field will be necessary to specifically ascertain all of the particular macrophage cell types that may be transfected or altered in vivo as a result of pDNA-IL-10 therapy. While the mechanism by which gene delivery reverses neuropathic pain in this study has not been fully elucidated, the results presented herein are consistent with the following possibility: Microparticles embed within meningeal tissue to release pDNA-IL-10 slowly over time, which is then taken up by a combination of resident and non-resident, or circulating, cells. The non-resident cells are capable of transforming into a more resident cell population as evidenced by the fact that macrophages in the central nervous system have been shown to differentiate into microglia (19) . Thus, both of these cell populations may contribute to long-term IL-10 protein production in the CSF for the ultimate resolution of neuropathic pain.
The loss of therapeutic efficacy may be due to natural apoptosis and turnover of the transfected cell population, or the loss of plasmid expression over time. The dose of pDNA released at later time points may also limit the length of time over which therapeutic effects are observed as pDNA release from microparticles in vitro is exhausted after 75 days, a timescale close to that over which behavioral effects begin to decline. A reduction in the integrity of pDNA released at later time points might also limit the duration of therapeutic efficacy, as the low pH microclimate within the microparticle with ongoing degradation has been shown to decrease the integrity of pDNA over time (32) . Indeed, elevated IL-10 mRNA levels at the end-point of therapeutic behavioral testing (93 d) were not detected (Fig. 5) , indicating that ongoing plasmid expression was no longer occurring at a time-point when therapeutic effects were not observed.
Relative to the successful dual injection strategy, the total dose of pDNA necessary to achieve therapeutic effects was reduced 14-fold, and the number of injections necessary was minimized to one. The improved potency of pDNA when delivered from microparticles is likely due to two factors: (1) the stimulatory nature of PLGA microparticles and (2) the continued release of pDNA over time to phagocytic cell populations. A potential contributing factor in therapeutic mediation is that the PLGA microparticles encouraged macrophages to adopt an ED2-positive phenotype, as reflected by the sustained increase in ED2-positive cell types within the CSF over time after PLGA administrations. ED2-positive macrophages have been identified as alternatively activated cells that promote tissue regeneration and wound healing (70) . These cells typically reside in meningeal tissue over a long time period and are regarded as anti-inflammatory (71) . Regardless, ED2 labeling may have a broader specificity than just tissue regenerative phenotypes, and future work in the field of pDNA-IL-10 delivery will be needed to investigate the range of cytokines that may be produced by these macrophages in response to pDNA-IL-10 and PLGA administrations. The ED2 effect in and of itself was not sufficient for therapeutic effects, as the PLGAVehicle condition promoted an elevation in ED2-positive cells but did not reverse neuropathic pain.
The current production cost of pDNA on a laboratory scale ($100-$150/mg) represents only a fraction (<10%) of ultimate production and clinical manufacturing costs in order to generate active pharmaceutical ingredients and drug products (72) . Moreover, the current cost of a single intrathecal administration is $500-$600 (73) . Consequently, the substantial (>14-fold) pDNA dosage reduction and the reduced number of required intrathecal interventions both significantly reduce the overall cost of therapeutic pDNA treatments. The reduced administration requirement also represents a significant clinical advantage, as repeated and continuous intrathecal administration paradigms can lead to deleterious side-effects and patient non-compliance over time (74) .
CONCLUSIONS
This work demonstrates that unmodified PLGA microparticles can significantly enhance the delivery of pDNA in an intrathecal administration paradigm. PLGA microparticles promoted cell infiltration into the CSF and, based on in vitro results, likely improved pDNA uptake and expression in the meningeal tissue surrounding the spinal cord. This enabled the successful long-term reversal of neuropathic pain in a single intrathecal administration, a feat that has not been accomplished previously with single administrations of unencapsulated non-viral pDNA. Further optimization of the PLGA delivery system, and the use of more advanced polymer delivery systems, may enable additional dosage reductions and more rapid and prolonged therapeutic efficacy for neuropathic pain and other inflammatory neuropathies.
